The formation, chemical composition and rheological properties of the exopolysaccharides (EPS) produced by 19 strains belonging to Halomonas eurihalina have been compared in two different culture media. Our aim was to screen several strains isolated from saline soils to select those producing maximum EPS yield and good rheological properties. We found that MY medium was best for the production of EPS in all the strains studied. Maximum EPS production was 1.6 g l − 1 with strain H212 grown in this medium. The pattern of the chemical composition of the polysaccharides was affected by the strain in question and by the culture medium. All EPS studied had an unusually high sulphate content. Furthermore, the exopolymer from strain H96 contained significant amounts of uronic acid. EPS from strain H96, cultivated in defined NH medium, behaved in an interesting way rheologically; when the pH of the polymer solution was decreased to 3.0 a gel with a viscosity of 30 000 cP formed.
Introduction
Bacterial growth is often accompanied by the production of exopolysaccharides (EPS), which have important ecological and physiological functions. Increasing interest is being generated in the study of these molecules because of their wide applications in food, pharmaceutical, petroleum and other industries (Dawes, 1990; Sutherland, 1990) . Nevertheless, the strains used for the industrial production of EPS belong to a small number of taxa, such as Xanthomonas campestris (Evans et al., 1979) , Pseudomonas (Jarman, 1979) , Azotobacter (Jarman et al., 1978) , Sphingomonas (Lobas et al., 1992) , Alcaligenes (Sutherland, 1990) , etc. There are still good prospects, however, for devel-oping new polysaccharides with better properties than those of the existing polymers because of the wide diversity offered by microorganisms.
Volcaniella eurihalina is a moderately halophilic bacteria described by us in 1990 (Quesada et al., 1990) . Recently, Mellado et al. (1995) reclassified this microorganism on the basis of its 16S rRNA sequence and proposed that Volcaniella eurihalina should be transferred to the genus Halomonas. Moderately halophilic bacteria are defined as being those which grow best in media containing 0.5 -2.5 M salts and they constitute the most important eubacteria group which lives in hypersaline habitats (Kushner and Kamekura, 1988) .
In previous reports we have studied the production, chemical composition and rheological properties of the exopolysaccharide produced by strain F2-7 of Halomonas eurihalina (Quesada et al., 1993 (Quesada et al., , 1994 Béjar et al., 1996) . The most notable characteristic of this EPS was its capacity to increase the viscosity of solutions at low pH values (Calvo et al., 1995) . This property would make it valuable for use in the food industry as an additive in salad sauces or citric desserts, where the pH is usually acidic.
In the course of our studies in saline soils we have isolated a group of H. eurihalina strains. All these strains show mucoid growth in solid media. Thus, we decided to evaluate the quantity of EPS produced by each strain in two different media. We also determined their chemical composition and rheological properties. The main object of this work is focused: (i) to determine whether EPS production is common to all strains of H. eurihalina, and (ii) to select the best strains of this species for the production of polysaccharides with adequate rheological properties and any other interesting features for industrial application.
Materials and methods

Bacterial strains
A total of 18 strains of H. eurihalina isolated from saline soil in Alicante (Southern Spain) were tested for their ability to produce exopolysaccharide (EPS) in two different media. Strain F2-7 (producer of EPS V2-7) was also used as reference strain.
Growth media
For the isolation of EPS, strains of H. eurihalina were grown for 8 days at 32°C in a complex medium (MY) (Moraine and Rogovin, 1966) or in a minimal medium (NH) with glucose as the sole carbon and energy source (Ng and Hu, 1989) . Both media were supplemented with a sea-salt solution (Rodríguez-Valera et al., 1981) to reach 7.5% (w/v) salt concentration.
Isolation and purification of EPS
The cultures were centrifuged at 36000× g in a Sorvall RC-5B refrigerated centrifuge for 60 min and the supernatants were then tangentially filtered with 100000 Da ultrafilters (Minitan System, Millipore) and precipitated with 3 vols of cold ethanol. This solution was kept at 4°C overnight before being centrifuged. The EPS was resuspended in distilled water and purified by ultracentrifugation at 226000×g for 60 min in a Beckman L8-M ultracentrifuge. The pellet was dissolved in water, dialyzed against distilled water for 24 h, lyophilized and then weighed.
The EPS was purified in an anion-exchange column (Hitrap Q, Pharmacia) equilibrated with a 0.02 M tris-amino-methane hydrochloric acid buffer (pH 7.5). Polysaccharides were applied to the column and washed with the same buffer. The column was eluted with a linear gradient of NaCl from 0 to 0.4 M at a flow rate of 0.5 ml min − 1 . The fractions were tested qualitatively for carbohydrate (Dubois et al., 1956 ) and protein contents (Lowry et al., 1951; Bradford, 1976) .
Analytical procedures
We made the following colorimetric analyses: total carbohydrates (Dubois et al., 1956) , proteins (Lowry et al., 1951; Bradford, 1976 , in both methods we used albumin from Sigma as standard), hexosamines (Johnson, 1971) , uronic acids (Blumenkrantz and Asboe-Hansen, 1973) and acetyl residues (McComb and McCready, 1957) . Cationic (Na + , K + , Ca 2 + , Mg 2 + ) and sulphate contents were determined with a Dionex DX-300 gradient chromatography system with chemical suppression of the eluent conductivity. For cations we used an 18 mmol l − 1 hydrochloric acid solution as eluent with deionized water with a specific resistance of 18 MV and the regenerant was a 10 mmol l − 1 tetrabutylammonium hydroxide solution. To determine sulphates, the eluent was a Na 2 CO 3 / NaHCO 3 mixture made by diluting 10 ml 0.18 mol l − 1 Na 2 CO 3 /0.17 mol l − 1 NaHCO 3 of concentrated eluent to a final volume of 1 l in 18 MV of deionized water. Finally, we used a 17.5 mmol l − 1 H 2 SO 4 solution as regenerant.
Thin-layer chromatography (TLC)
The neutral sugar composition of the EPS was analysed by TLC in cellulose as described before (Quesada et al., 1993; Béjar et al., 1996) .
Rheological studies
Lyophilized samples obtained under the conditions described above were dissolved in distilled water to give 1% (w/v) solutions. The viscosity of the solutions was measured with a Brookfield viscosimeter RTV fitted with a small sample adapter (Brookfield Engineering Laboratories, MA). Determinations were made at 25°C and at different shear rates (1.5, 3 and 6 rpm). The influence of pH on the viscosity was studied by lowering the pH of the EPS solutions with 1 N HCl to 3.0.
Results
Producti6ity
The MY medium encouraged stronger growth of all the strains of H. eurihalina than the NH medium. Since EPS production was always linked to biomass the highest yields were also obtained in MY medium. The production of EPS varied between strains of H. eurihalina.
Ten strains produced more than 1 g of EPS per l of culture medium; strain H212 reached maximum productivity in the MY medium (1.6 g l − 1
). In the NH medium, productivity was lower for all strains, at about 0.2-0.6 g l − 1 (Table 1) .
EPS purification
All the EPS were obtained by centrifugation, tangential filtration, ethanol precipitation and ultracentrifugation. EPS from six representative strains was also purified by ionic chromatography. The strains F2-7, H28, H214, H217 and H96 synthesized the polymers with the best rheological properties, whilst strain H212 produced the maximum EPS yield. Purification by ionic chromatography showed that most of the polymer was eluted with 0.1 M NaCl, showing that only one type of EPS existed and that this polysaccharide was anionic. Analytical determinations of the fractions demonstrated that the EPS produced contains a small percentage of proteins, which cannot be eliminated by the purification processes used. 
Chemical composition
The gross chemical composition of the EPS is set out in Table 2 . The culture medium modified the chemical composition of the EPS. Acetyls had the highest values in the EPS extracted from the NH medium. Carbohydrates, proteins and sulphates were higher in the EPS obtained from the MY medium (with the exception of the carbohydrate content in the EPS from strain H96). The protein content varied according to the analytical method applied. Thus, the protein values were higher when Lowry's method was used (Lowry et al., 1951) . Uronic acids and hexosamines were also present in all the EPS from H. eurihalina. EPS from the H96 strain had the highest percentages of uronic acids in both the MY and NH media [8.1 and 11.1% (w/w), respectively]. Sulphate content determination by ionic chromatography showed concentrations ranging between 24.7% (w/w) in strain H28 cultivated in MY and 1.3% (w/w) in strain H96 cultivated in NH.
On the other hand, the cation content of the EPS produced by the H. eurihalina strains cultivated in MY ranged from 18.5% (w/w) (strain F2-7) to 22% (w/w) (strain H96). In the EPS obtained from the NH medium, the cation content was lower, showing values ranging from 11.2% (w/w) (strain H96) to 19.8% (w/w) (strain H217). The specific cation content followed the order: Na + \Ca 2 + \Mg 2 + \K + . Neutral sugar composition tests made by TLC showed similar results between the EPS from H. eurihalina strains. They all contained glucose, mannose and rhamnose as principal neutral sugars.
Rheological properties
We made a viscosimetric analysis of EPS produced by H. eurihalina strains and studied the influence of pH on this behaviour (Table 3) . All polysaccharides from strains of H. eurihalina dissolved well in distilled water. At pH 7.0, the viscosity of the EPS solutions was not particularly high, with values ranging from 15 to 32.1 cP, and 26.1 to 100 cP in MY and NH media, respectively. Nevertheless, five strains showed an interesting rheological behaviour when the pH was decreased, the viscosity of the solution increasing concomitantly. Maximum viscosity was reached by the EPS from strain H96, acidic solutions from this EPS showing viscosities of 16600 cP (MY medium) and 30000 cP (NH medium).
All EPS from H. eurihalina had pseudoplastic rheological properties, that is, the viscosity of the solution decreased as the shear rate increased. To evaluate this behaviour we measured the change in Brookfield viscosity with increasing shear rate.
Discussion
Bacterial strains isolated from saline soils and belonging to H. eurihalina have shown their ability to produce extracellular polymers in two different culture media: MY and NH.
In a previous work (Béjar et al., 1996) , we selected a complex medium (MY) and a defined medium (NH) (glucose as sole carbon and energy source) as the most appropriate media for studying the EPS of H. eurihalina F2-7. With this strain EPS production reached its maximum during the late stationary phase (Quesada et al., 1993) and its chemical composition depended upon the culture medium used (Béjar et al., 1996) . In this study, all the H. eurihalina strains screened produced EPS under the same conditions as strain F2-7 described previously. This is an important characteristic from the taxonomic point of view and may serve as useful trait for sorting out halophilic microorganism in the species H. eurihalina. The genus Halomonas (Mellado et al., 1995) currently includes several species of moderately halophilic bacteria, validly published, but up to date, none of them are characterized by EPS production, with the exception of H. eurihalina.
EPS of H. eurihalina strains studied have the same types of neutral sugars but different composition in uronic acid, hesoxamines, acetyl and sulphate content.
By ion exchange chromatography we determined that H. eurihalina excreted only one class of exopolysaccharide. The samples maintained protein impurities even after this purification process. We think that these results could be due to the existence of some amino acids linked to the polymer as the same occurred with biodispersan produced by Acinetobacter calcoaceticus (Elkeles et al., 1994) .
The exopolysaccharides from H. eurihalina strains contained significant quantities of sulphates. The percentage found in strain F2-7 cultivated in MY medium was 11.5% (w/v), this value was higher than 2.7% (w/v) determined in a previous work (Béjar et al., 1996) using the method of Dodgson and Price (1962) . Therefore, ion exchange chromatography seems to be a more accurate method for determining the sulphate content. Although sulphates are unusual components of microbial EPS, they have been described in those polymers deriving from microorganisms isolated from hypersaline habitats (Antó n et al., 1988; Matsuda et al., 1992; Guezennec et al., 1994) . Sulphate polysaccharides provide interesting applications for the pharmaceutical industry as antiviral (Okutani, 1992) , antitumoral (Inoue et al., 1988) and anticoagulant (Nishino et al., 1989) . Thus, sulphated EPS from H. eurihalina strains may be applied to these fields.
The large amount of uronic acid present in the EPS from strain H96 could be useful in biodetoxification and water treatment as it happens with other microbial EPS (Geddie and Sutherland, 1993) . Bacterial exopolysaccharides of industrial interest do not contain large amounts of uronic acid, with the exception of gelan and the bacterial alginates (Guezennec et al., 1994) , which have gel forming properties (Roller and Dea, 1992) .
Moreover, the EPS produced by strains of H. eurihalina have another interesting property, which is their capacity to gelify at acidic pH. We have previously described that solutions of exopolysaccharide V2-7 extracted from MY medium increased in viscosity up to 800 cP as the pH decreased (Calvo et al., 1995) . We have now demonstrated that other strains of H. eurihalina behave in the same way. EPS from strain H96 has the best rheological behaviour, reaching a viscosity value of 30000 cP at pH 3.0. This gelificant capacity may be due to its high uronic acid content. In conclusion, this exopolymer is exceptionally attractive for industrial application, bearing in mind not only its unique chemical composition but also the high viscosity of its solution at acidic pH.
